Abstract The African continent is facing the potential of a $183.6 billion USD liability to repair and maintain roads damaged from temperature and precipitation changes directly related to predicted climate change through 2100. This cost is strictly to retain the current road inventory. This cost does not include costs associated with impacts to critically needed new roads. In many African countries, limited or non-existent funds for adaptation and mitigation are challenging these countries to identify the threats that are posed by climate change, develop adaptation approaches to the predicted changes, incorporate changes into mid-range and long-term development plans, and secure funding for the proposed and necessary adaptations. Existing studies have attempted to quantify the impact of climate change on infrastructure assets that will be affected by climate change in the coming decades. The current study extends these efforts by specifically addressing the effect of climate change on the African road infrastructure. The study identifies both total costs and opportunity costs of repairing and maintaining infrastructure due to increased stressors from climate change. Proactive and reactive costs are examined for six climate scenarios, with costs ranging, respectively, from an average of $22 million USD to $54 million USD annually per country. A regional analysis shows contrast between impacts in five areas of the continent, with impacts ranging from 22 % opportunity cost to 168 %. These costs have the potential to delay critical infrastructure development on the continent and present a challenge to policy makers balancing short-term needs with long-term planning.
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Introduction
The African Development Bank has called for $40Billion USD per year over the coming decades to be provided to African countries to address development issues directly related to climate change (Kaberuka 2009 ). These costs are required to assist in the adaptation to and the mitigation from the effects of climate change. While costs are a concern for all countries, these costs are of particular concern in developing countries, where the additional funds needed to address climate change concerns are limited or non-existent. The limitations on these available funds are challenging developing countries to identify the threats posed by climate change, develop adaptation approaches to the predicted changes, incorporate changes into mid-range and long-term development plans, and secure funding for the proposed and necessary adaptations (UNFCCC 2009) . Earlier work by the UNFCCC, IPCC, World Bank and others, have attempted to quantify the impact of climate change on physical assets that will be affected in the coming decades. The current study extends these efforts by addressing the effect of climate change on the road infrastructure on the African continent as a whole. Specifically, the numbers provided within this study are intended to provide an initial perspective for evaluating the impact of climate change on road infrastructure from an infrastructure investment perspective. Paved and unpaved road inventories were selected as the infrastructure type to evaluate because of their economic, social, and development importance on the African continent. The study examines the extent to which climate change from global and country-specific climate scenarios will divert resources from the further development of road infrastructure to the maintenance and adaptation of the existing infrastructure. Roads are of specific importance in Africa because of the limited number of road networks that exist in the countries. This results in a low redundancy factor for each road, meaning that each road has a greater level of criticality due to the limited alternatives to the transportation link provided by each road. The overall lack of roads in the region results in the density of roads in Africa being low in comparison to other global areas.
Despite continued investments in African countries, the stock of roads continues to lag behind the remainder of the world both in total roads and in paved roads. In 2008 only about 25 % of sub-Saharan Africa's primary roads were paved, compared to a global rate of 50 %. In terms of total roads compared to population, the paved road length in Sub-Saharan Africa of 0.79 km per thousand population: which is less than half of South Asia, and only about one fifth of the world average. In terms of road quality, there is significant variability in primary transport corridor quality with Central Africa having only 49 % of primary roads in good condition, while Southern Africa has 100 % of the roads in good condition (Gwilliam et al 2008) . In terms of the unpaved roads, which are the majority of the roads on the continent, more than 80 % of unpaved roads are considered to be only in fair condition and 85 % of rural feeder roads in poor condition and cannot be used during the wet season. In Ethiopia, 70 % of the population has no access to all-weather roads (Mutume 2002) .
The current study provides both an overview of the potential damage the African continent is facing as a whole in terms of climate change impacts on road infrastructure as well as a more detailed look at the impacts at regional perspectives and individual country levels. The study is designed to create a broader understanding of the effect climate change may have on transport development policies by analyzing the impact of climate change on road infrastructure. The study raises the specific question of whether countries within Africa, or developed countries who may be subsidizing this development, can afford to postpone adaptation to potential climate change effects on critical infrastructure. Adaptation policies, as described below, will require both short-term and long-term funding decisions. Short-term decisions will require balancing funds that could otherwise be allocated to needs including the maintenance of existing inventory and expansion of current road networks to improve connectivity. Longer-term decisions will need to address road infrastructure needs that may result from future climate uncertainties, but which require investment at the time of road development or rehabilitation.
Background
The existing literature related to climate change adaptation in the infrastructure sector is primarily qualitative in nature with an emphasis on broad recommendations and warnings. These studies are primarily focused on qualitative predictions concerning road impacts on both safety and road durability. Research completed by the Transportation Research Board in the United States, the Scottish Executives, and Austroads in Australia are notable efforts in this regard (TRB 2008; Galbraith et al 2005; AUSTROADS 2004 ). Typical of the findings are projections regarding the likelihood of reduced life spans for roads, increased erosion of unpaved roads, and potential effects of sea level rise on coastal roads. The TRB study concludes that the greatest impacts of climate change for North America's transportation systems will likely be the flooding of coastal roads, railways, transit systems, and runways because of global rising sea levels, coupled with storm surges and exacerbated in some locations by land subsidence.
The emphasis of these documents has primarily been awareness and the informing of public officials regarding policy implications for the infrastructure sector. For example, the TRB study presents detailed recommendations regarding potential changes to highway planning that should be considered during the next planning cycle. A comprehensive study in this regard was developed by Mills and Andrey (2002) that presents a general framework for the consideration of climate impacts on transportation. Mills and Andrey enumerate baseline weather conditions and episodic weather-influenced hazards that make up the environment in which infrastructure is built, maintained, and used. Second, they note that the weather-related context will change with climate change, affecting the frequency, duration, and severity of the hazard. These hazards have the potential to affect the transportation infrastructure itself; its operation; and the demand for transportation.
Complementing these broad policy studies has been the development of studies advocating the study of specific weather-based impacts on roads. For example, the U.S. Climate Change Science Program takes a broad examination of the potential impacts of individual weather concerns including temperature, rain, snow and ice, wind, fog, and coastal flooding on roads in the Gulf Region (US Climate Change Science Program 2006). Similar studies have been undertaken in areas where specific climate change concerns threaten infrastructure that is unique to that locale. However, there are limited studies that focus on or incorporate specific issues for developing countries related to climate change and infrastructure. Studies by consulting groups and funding agencies have looked at potential responses to specific issues in Africa, but general studies have not been emphasized in this region. However, lessons from these initial efforts provide a basis for the current analysis in that they address issues such as erosion, degradation, and flooding in related geographic contexts.
The limitation of these studies is that they focus on a narrow potential impact of climate change, and with the exception of the Larsen study which the authors participated in (Larsen et al. 2008) , fail to provide specific estimates of cost or damages that may result from potential climate change scenarios. In response to this gap in the climate change literature, the authors have been actively engaged in developing specific estimates of climate change impacts on infrastructure elements. Chinowsky et al. (2011) document the potential cost impacts of climate change on road infrastructure in ten countries that are geographically and economically diverse. Additionally, the authors have extended this response methodology to determine the potential impacts from climate change on bridges (Stratus 2010) and roads in northern climates (Industrial Economics 2010) .
In the context of Africa, the potential impact of climate change on infrastructure is beginning to receive increased attention. The potentially devastating economic effects from the combination of the lack of infrastructure and the potential impacts on this limited infrastructure is explored in recent studies by the World Bank on the Economics of Adaptation to Climate Change. Highlighting one of these studies, the Ethiopia case, we see that climate change has the potential to result in $3.1 billion USD of impact to roads when the effects of temperature, precipitation, and flooding increases are taken into consideration through 2100 (World Bank 2010). These costs could be reduced by 54 % if adaptation policies are adopted through policy changes by the government. However, even with these adaptations, the potential cost to Ethiopian roads from climate change could be as high as $1.4 billion USD.
Methodology
The methodology for the current study centers on the need to consistently analyze and apply projected climate variations to countries throughout Africa. The technique described in this section is derived from one previously developed by the authors to determine the impact of climate change on infrastructure in both developed and developing countries (Chinowsky et al 2011) . A brief summary of this methodology is provided below. As illustrated in Fig. 1 , the methodology involves seven steps which lead from determining the climate zones within each individual country to determining the impacts on an individual country level and finally to aggregating the results to both regional and continent level findings.
Division of road inventory
The first requirement for conducting the impact study was to determine the division of the road inventory within individual countries. The total road inventory for each country was obtained either through direct data where it was available or through a commercial database of international road data (IRF 2009). Based on existing classifications, the roads were divided into three categories, primary, secondary, and tertiary. The authors did not attempt to validate the classifications that were established by the individual countries. Further, roads were divided into paved and unpaved categories for each of the three classifications based on the percentage of paved roads provided by the data sources, thus giving each country the opportunity to have six distinct road classifications.
The division of the road inventory was then applied to climate zones within the countries. The climate zone mapping process chosen for the study is the Koppen-Geiger classification. Established by Vladimir Koppen between 1884 and 1936, the Koppen method of climate zone classification focused on the annual temperature and precipitation cycles throughout the world (Lohmann et al 1993) . The percentage of each country that lay within a specific Koppen-Geiger climate zone was determined by utilizing GIS map overlays.
Where direct data was not available, a percentage allocation method utilizing population and geographic area data was utilized. Where significant population centers were a factor, a GIS population map was overlaid and road estimates were adjusted. This occurs in areas such as North Africa, where a large percentage of the land area is arid desert and near 80 % of the population resides on the narrow land area of the Mediterranean coast. Although this allocation may not match actual road locations exactly, our testing of individual areas shows that the variance in final results is minimal because of the resolution of the data that is available from the GCM models as well as resolution of the road data. Specifically, road data is available for most countries at a regional level, which is consistent with the grid level data from the climate models. Attempting to refine the data further will introduce a level of assumption and uncertainty that does not add value to the study.
GCM models
Once the allocations of the road inventories were completed, a determination was required as to what climate models should be used for each country. The climate models were selected from the pool approved by the IPCC and represent both a variance in projected precipitation Fig. 1 The process used to develop the climate scenarios and the impacts on each country and temperature increases as well as a variance in scenarios of how a given country may pursue industrial development (IPCC 2007) . Each of these climate models contains annual predicted precipitation and maximum temperatures. Precipitation, temperature, and flood events information is predicted by the models, but other factors such as wind are stressors that are not included in all models and the relationship to the impact on road infrastructure is less clear. In an effort to get a broad picture of the potential effects of climate change and to avoid focusing on extreme possibilities, three different climate scenarios were chosen, a global effect, a maximum country effect, and a median country effect. The global perspective is adopted from earlier work by the authors for the World Bank and represents a global wet, NCAR_ccsm3-A2, and a global dry, CSIRO_mk3-A2, scenario based on soil moisture effects and represents a consistent model analysis across all countries. (World Bank 2009).
In contrast to the global model, the country models were selected based on the impact that the climate model indicated for a specific country. The wet and hot properties of the 22 accepted models were focused upon in this selection process. Specifically, the effects of each model were analyzed in terms of precipitation and temperature averages for each decade from 2010 through 2100. For precipitation, the annual precipitation for each decade was used to determine the total precipitation increase through 2100 in the specific country. Based on this total, models were selected based on the maximum annual precipitation predicted and the median precipitation predicted for each country. Similarly, the maximum temperature was used to select the models which predicted the greatest temperature increase and the median temperature increase. The completion of the selection process provided six selected models for each country; a global wet and a global dry, a country maximum wet and a country maximum dry, and a country median wet and a country median dry. These selections provide a median and more severe climate perspective for impacts on road infrastructure.
Road impacts
The World Bank (2009) and Chinowsky et al (2011) have previously detailed the authors' approach to determining impacts of climate change on paved and unpaved roads. However, to summarize this process, the methodology focuses upon the effects of precipitation and temperature (stressors) on paved and unpaved road surfaces. The impacts are translated into stressor-response values which are the quantitative impacts that a specific stressor has on an infrastructure element based on engineering data, materials analysis, and previous impact studies (See Appendix A). The specific impacts of each stressor have been incorporated into the current analysis based on a review of existing studies conducted by research labs in numerous global regions. Wherever possible, actual degradation results from field tests have been incorporated into the stressor-response functions. Where long-term studies were not available, manufacturer or simulation results were incorporated. The team did not attempt to recreate the results from these studies, but is relying on the expertise and publication record of these entities for accuracy in results.
These stressor-response factors are divided into two general categories: impacts on new construction costs and impacts on maintenance costs. New construction cost factors focus on the additional cost required to adapt the design and construction when rehabilitating an asset to changes in climate expected to occur over the asset's lifespan. Maintenance cost effects are those maintenance costs -either increases or decreases -due to climate change that are anticipated to affect the design lifespan. In each of these categories, the underlying concept is to retain the design life span for the structure. This premise was established due to the preference for retaining infrastructure rather than replacing the infrastructure on a more frequent basis. The projected costs for achieving this goal based on climate change impacts are therefore the costs that are above normal maintenance costs.
Both the new construction and maintenance approaches assume perfect foresight with respect to climate change. The stressor-response values represent the relationship between infrastructure construction costs at the time of construction and the changes in climate projected during the infrastructure's lifespan. The results presented below reflect this approach to estimating impacts and costs in the context of the Adapt and No Adapt policy decisions described in the next section. To illustrate the overall approach, Eq. 1 represents the approach adopted for paved roads that bases the cost of maintenance on the cost of preventing a reduction in lifespan. As indicated by Eq. 1, implementation of this approach involves two basic steps: (1) estimating the lifespan decrement that would result from a unit change in climate stress and (2) estimating the costs of avoiding this reduction in lifespan. The costs represent the impact of climate change above a baseline climate (a no climate change scenario).
Where MT ERB Change in maintenance costs for existing paved roads associated with a unit change in climate stress L ERB Potential percent change in lifespan for existing paved roads associated with a unit change in climate stress C ERB Cost of preventing a given lifespan decrement for existing paved roads
As seen in this equation, the potential change in lifespan is dependent on the change in climate stress. For example in the case of precipitation effects, a potential reduction in lifespan is incorporated for existing paved roads for every 10 cm increase in annual rainfall. Specifically, the increased degradation of the pavement based on the increased precipitation is the basis for estimating the climate change effect. After estimating the potential reduction in lifespan associated with the given climate stressors, the process estimates the costs of avoiding this reduction in lifespan. To estimate these costs in the current example, the change in maintenance costs is set to the product of (1) the potential percent reduction in lifespan (L ERB ) and (2) the base construction costs of the asset.
Adapt and No adapt policy approaches
Two different policy approaches are examined for all road types and climate projections, Adapt and No Adapt. The "Adapt" analysis assumes perfect foresight with respect to climate change impacts and a policy that applies these forward-looking climate projections to upgrade new roads as they are re-built and maintained. The Adapt Policy scenario incurs up-front costs to adapt a road to mitigate future damages that are projected from increases in precipitation or temperature. For unpaved road infrastructure, roads are upgraded to an adapted gravel road and therefore are less susceptible to increased precipitation impacts. Gravel roads are upgraded to 'adapted' gravel roads, including the addition of a thicker base layer (4″) and a thicker surface layer. These adaptations reduce susceptibility to precipitation and increase drainage. For paved roads, the adaptation for increases in temperature is to redesign the surface mix design and the rate of re-sealing. For precipitation impacts, the drainage properties of the road are upgraded and increased where required. For example, this includes the addition or expansion of drainage culverts.
The "No Adapt" analysis assumes no adaptation changes are put in place. Roads are rebuilt according to previous baseline standards. The costs incurred are from increased maintenance necessary to retain the design life of the original road as degradation of the road infrastructure occurs from climate change stressors.
In all cases, the reported costs of climate change are the costs incurred above the normal costs of maintaining the existing road infrastructure under a 'no climate change' scenario. All costs displayed below, for Adapt and No Adapt scenarios, assumes these baseline costs are performed, and the baseline costs are not included in the climate change costs.
Determination of opportunity cost
Evaluating climate change impact on a continent-wide scale created a need for establishing a common evaluation metric that could be used for each of the countries. The difficulty in this determination is the variation in the countries in terms of amount of current road inventory, annual expenditures on roads, the GDP of the country, and the projected cost of climate change for each country. Given these variances, a metric was required that reflects the relative impact on the country while not overly weighting the total cost of climate change to the country. Existing studies have emphasized the use of traditional metrics such as kilometres lost or total cost as the focal points for measuring impact. While these metrics are valuable, and are included in the results tables, the need to provide an indicator that incorporates relative impact is the motivation behind the introduction of the Opportunity Cost metric. The solution to this issue was the establishment of an opportunity cost associated with each country. In quantitative terms, the opportunity cost is defined as,
Where: X A specific country OC Opportunity cost for a country in percentage CC Total estimated climate change cost for a country including both maintenance and new costs through 2100 SRC Cost of constructing a kilometer of new, secondary paved road PR Current paved road inventory within a country in kilometers
The equation indicates that the opportunity cost for a country is equal to the total percentage increase in the paved road network that could have been achieved if the money was not being diverted to climate change adaptation. In this manner, opportunity cost is the degree to which a country could enhance its road infrastructure if climate change would not be impacting the road expenditures. The opportunity cost is based on existing road inventory numbers.
Study results
The African continent as a whole is facing the potential of a cumulative cost of $183.6 billion USD to repair and maintain roads as a result of damages directly related to temperature and precipitation changes from potential climate change through 2100. This cost is strictly to retain the current road inventory. As detailed in Table 1 in the No Adaptation Policy entries, if African countries focus on a reactive response to climate change (where the repair of additional climate change damage is completed on an annual basis with no adaptive changes to infrastructure elements) the total cost projections through 2100 could be as high as $248.3 billion USD (cumulative) or $2.8 billion USD per year. Although uncertainties in the climate model projections insert variability in this total, even the median models suggest a potential cumulative cost of $119.8 billion USD (cumulative) through 2100 or $1.3 billion USD per year.
These same numbers can be put in the perspective of opportunity cost. Utilizing this measure as detailed in the opportunity cost columns in Table 1 , the African continent is facing a potential opportunity cost averaging 363 % per country if no pre-emptive action is taken. This opportunity cost translates into a lost potential of expanding the existing paved road network on the continent either with new roads by approximately 700,000 km of paved road (See Table 2 ). In contrast, if adaptation policies are put in place, the opportunity costs are lowered to an average of 121 % per country. This translates to a road network increase in excess of 210,000 km of paved roads (See Table 2 ).
Regional perspective
Although a continent-wide perspective is useful in understanding the overall impact of climate change, the reality for Africa is that the impact on roads will vary between regions. Specifically, the continent can be divided in terms of potential impacts into five regions: Northern, Western, East Central, South Central, and Southern (Fig. 2) . These regions were delineated by the authors on the basis of two factors: geographic location and projected impact in terms of opportunity cost and total cost. The countries within a region have similar impacts from a projected climate impact. To illustrate these regional differences, two countries from each region are highlighted to provide a quantitative comparison between the regions. Where appropriate, issues specific to a country are highlighted. Figure 3 illustrates the relative effect from the maximum effect scenario throughout the continent. This measure is used to illustrate the potential impacts that may occur and the greatest difference between the Adapt and No Adapt policies.
Northern region
At a regional level, Northern Africa sees a relatively lower impact from climate change than the rest of the continent (Table 2 ). The nations of North Africa face the lowest average cost per country under the maximum effect, adaptation scenario of $15.4 million USD per year. This equates to a cumulative opportunity cost for each country of 22 % on average. The total cumulative cost for the region is $1.2 billion USD or $61.6 million USD per year. Although the region as a whole absorbs the lowest relative impact from climate change, variations exist in the region as illustrated by the two countries in the table. The high dollar cost of climate change in Algeria results from the relatively greater amount of paved road infrastructure that currently exists in the country. Much of the climatic change predicted for Northern Africa is a rise in temperature which has a greater potential effect on paved roads than precipitation. Algeria, with a higher income and GDP than many sub-Saharan African countries, has over 70 % of their road network comprised of paved roads. Due to this large percentage of paved roads, the country incurs significant impact costs due to projected temperature changes. Morocco is susceptible to similar paved road impacts due to a similar road inventory profile. However, since Morocco has a smaller overall road inventory, the total cost impact of climate change is noticeably lower than Algeria. This illustrates the necessity of the opportunity cost parameter as total cost is not always the most appropriate measure of comparison between countries. Although the total costs are higher in Algeria, the relative effect is greater in Morocco with opportunity costs of 22 % and 34 %, respectively.
Western region
The Western African region incurs a notable opportunity cost due to climate change impacts. The cumulative opportunity cost for this region is 153 % on average under the maximum effect, adaptation scenario. In contrast to the Northern region, the countries in this region have a lower average annual cost under the maximum effect, adaptation scenario with an average projected cost of $9.8 million USD. This lower amount is due to the smaller road inventory that is typical in the countries within the region. The countries in this region predominantly lie on the border of the Sahel region and thus see an increase in both temperature and precipitation. In contrast to the high percentage of paved roads in the inventories of the Northern region, the Western Africa region countries have a combined inventory that encompasses 85 % unpaved roads. This larger inventory of unpaved road infrastructure is vulnerable to the effects of projected increased precipitation. Fig. 3 The relative effect of the maximum effect climate scenario on road infrastructure within the African countries. Total costs and opportunity cost are illustrated with cumulative costs for both the adaptation and no adaptation policies cumulative through 2100. Darker shades indicate greater impacts
The East central region
The East Central Africa region sees the highest climate change impacts of the entire continent. Located along the Sahel and in the ecologically diverse region of central Africa, these countries experience significant impacts from climate scenarios. Similar to the Western region, the large percentage of unpaved roads in this region incur repeated impacts from increases in precipitation through 2100. The result of these continuous impacts is the highest opportunity cost prior to adaptation in Africa with a cumulative value of 536 % average per country. Of particular concern in this respect are the countries of Niger, Chad, and Sudan which have large unpaved road networks that are vulnerable over extended periods of time.
Niger and Chad rank in the top ten for both total cost and opportunity cost. Niger and Chad are characterized by having medium-large sized road networks and are highly affected by climate change in all scenarios. Chad has 34,000 KM of road, and less than 1 % are paved. Niger has 20 % paved roads in a network of 18,950 KM. Both countries are located in the Sahel and see climate change impacts in both temperature and precipitation, affecting both the unpaved and paved components of their road inventories.
If adaptation strategies are adopted throughout the region, the overall climate impact can be reduced by an average adaptive advantage of 66 % per country and an equivalent total of $3.6 Billion USD for the region through 2100.
South central region
The South Central Africa region sees some of the highest impact factors from climate change in the current study. With no adaptation policies put in place, the region is the second most affected in Africa with an average opportunity cost of 449 % per country. With 88 % of the road inventory comprised of unpaved roads, the effect of climate change is of particular concern because of the projected precipitation increases in all selected GCM scenarios.
Highlighting the potential climate impact in this region, Tanzania and the Democratic Republic of the Congo incur opportunity costs of 241 % and 375 %, respectively, after adaptation policies are put in place. The reason for these large impact factors is that many Central African countries have "large" or "very large" land areas and populations which are connected by predominantly unpaved roads.
Southern region
The Southern Africa region is less affected by climate change than the central swath of the continent. With adaptation, the region faces a $7.5 million USD annual cost on average per country. The average opportunity cost of 52 % per country is the second lowest of the regions, behind Northern Africa. Botswana is representative of the low cumulative opportunity costs in the region through 2100 at 15 %. This is because of its flat land, low impact of climate change projections, and 50 % paved road network, making it more resilient to increases in precipitation than the unpaved road networks. For the country of South Africa, the dollar costs of adaptation are high at $14.6 million USD annually because of the large road network, but relative to the existing road network and current expenditures, the opportunity cost is reduced to 12 %. Namibia and Mozambique represent the average impacts in the Southern Africa region with adaptive advantages of 68 % and 25 % respectively. The reduced precipitation and temperature increases mitigate the impact of climate change on the road infrastructure when compared to the continent.
Limitations
The current study is based on several key components which introduce uncertainty into the quantitative analysis within the study. The climate data presented here is based on the World Climate Research Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset (Meehl et al 2007) . The dataset represents current approaches to modelling potential climate change, but is still based on models rather than empirical data. Thus, a degree of uncertainty is introduced in terms of the range of climate impacts that may result from the model results. This is one reason why the current study utilizes multiple climate models to arrive at conclusions. However, the study does not consider possible uncertainty levels within the climate models themselves, we focus exclusively on the model outputs. The results in this study are thus limited to the selection of GCMs used for climatic data. Although the study is limited with the utilization of only 6 out of 54 available scenarios, the selected scenarios represent a range of possible impact assessments from median to maximum impacts.
As stated previously, the study relies on existing material studies to derive the impact stressors. Although the study bases its findings on recognized authorities and studies, the quantitative cost estimates are dependent on the findings from these and similar studies. Issues such as specific pavement types, local conditions, construction and maintenance techniques may impact specific cost impacts, but are not addressed in this broader study. These costs will contribute to differences in scenarios in terms of infrastructure lifespan, frequency of maintenance requirements, and traffic impacts. However, these are isolated and specific to limited infrastructure areas. An additional area that needs to be considered in future studies is the effect of frequency and intensity of storms and specific weather conditions. Although climate models provide overall temperature and precipitation levels, individual weather events must be considered in final impact assessment.
These limitations should be considered when analyzing the quantitative results of this study. However, the qualitative relationships presented here will remain consistent even if the referenced studies are altered. Specifically, the relative impact on the countries in the study will remain consistent and the overall findings remain as stated.
Discussion and conclusion
The African continent continues to lag behind global averages in road density based on both kilometers of road per population and density of roads compared to area covered. The potential degradation of roads from climate impacts presents a significant economic threat throughout the continent, but to countries with lower GDPs in particular. Roads are a lifeline to alleviating poverty since investment in access to rural areas and transport improves the living conditions of the poor (Khandker and Koolwal 2010) . The African Development Bank has called for $40 billion annually to mitigate the impacts of climate change: if a No Adapt policy is chosen, the impacts to road infrastructure will account for approximately 6 % of the funding. In comparison, an Adapt policy will reduce this cost to 1 %.
Recognizing this importance, this study highlights the difference in results between adaptation and no adaptation climate policies. The Adaptation policy results in an average savings of 74 % in total costs over the No-Adaptation policy, an average savings of $43.1 million USD per country annually. In terms of relative costs, the average opportunity cost is reduced from 363 % to 121 %, or an average potential loss of kilometres reduced from 400 annually per country down to 190. These opportunity costs have the potential to disrupt economies on a broader scale as infrastructure development plans may have to be delayed as funding is reallocated to mitigate climate change damages. Associated with these delays is the potential for social development to be impaired as access to critical services and expansion of economic ties is delayed. The challenge to governmental organizations is how to incorporate the multitude of conflicting requirements associated with the potential impacts into a cohesive policy that achieves balance between short-term needs and the potential long-term effects of climate change.
The addition of potential climate change effects increases the challenge to policy decisions as the requirement for short-term versus long-term balance is complicated by potential benefits that may not appear for several decades. The cost of climate change, even under the median scenarios with the Adaptation policy, present a cost of millions of dollars to countries. This is money that could be utilized by the government for spending in health, education, and further infrastructure development, among others. Allocation of this money, and the source of it, presents a challenge to policy makers and a challenge to development policy and progress. However, the study illustrates that the predicted temperature and precipitation changes due to climate change over the long-term will result in opportunity costs throughout the African continent. The option of not adapting may appear to be beneficial as a policy in the short-term, but the long-term impacts ultimately make this option detrimental to development. Although the gross dollar impact varies between countries due to individual road inventories and climate impacts, the impacts will force every country to reconsider policy and development plans as the reallocation of funds will be necessary to offset the effects of climate change on road infrastructure. The question for policy makers is when to commit to this reallocation and how proactive each country will be in adapting to projected climate change impacts.
